Mammalian left-right determination is a good example for how multiple cell biological processes coordinate in the formation of a basic body plan. The leftward movement of fluid at the ventral node, called nodal flow, is the central process in symmetry breaking on the left-right axis. Nodal flow is autonomously generated by the rotation of posteriorly tilted cilia that are built by transport via KIF3 motor on cells of the ventral node. How nodal flow is interpreted to create left-right asymmetry has been a matter of debate. Recent evidence suggests that the leftward movement of sheathed lipidic particles, called nodal vesicular parcels (NVPs), may result in the activation of the noncanonical hedgehog signaling pathway, an asymmetric elevation in intracellular Ca 2þ and changes in gene expression.
A lthough the human body is apparently bilaterally symmetrical on the surface, the visceral organs are arranged asymmetrically in a stereotyped manner. The heart, spleen, and pancreas reside on the left side of the body, whereas the gall bladder and most of the liver are on the right side (Fig. 1A) . Because the human body is formed from a spherically symmetrical egg (oocyte), symmetry breakdown is one of the fundamental processes of development.
In many lower vertebrates and invertebrates, eggs are asymmetrical even before fertilization (as in Drosophila [Gilbert 2003 ]). In some organisms, such as fish and frog, the dorsoventral (DV) and anteroposterior (AP) axes are determined at fertilization by the distribution of the yolk and the entry position of the sperm (Gilbert 2003) . In human, mouse, and other mammals, the embryo is initially cylindrically symmetrical when it implants itself into the wall of the uterus. The DV axis is first to be specified as the proximal -distal axis from the implantation site. Subsequently, the AP axis is arbitrarily determined in the plane perpendicular to the DV axis (Alarcon and Marikawa 2003; Beddington and Robertson 1999) . In either case, L/R is thus the last axis to be determined, and needs to be consistent with the preceding DV and AP axes. Because the chirality of the body is predetermined by chiral molecules, such as amino acids and nucleic acids, the laterality or orientation of the L/R axis is established theoretically or potentially once the AP and DV axes are determined. The problem here is how this (C, E) mouse embryos. (B, C) Full-length images. Wild-type embryos at this stage have already turned with a right-sided tail (B), whereas Kif3b 2/2 embryos remain unturned (C ). In panel C, the dilated pericardial sac has been removed, and the heart loop is inverted (arrow). (D, E) Higher-magnification images and schematic representations of the heart loops showing a normal loop in the wild-type embryo (D) and an inverted loop in the mutant embryo (E). (F-I) Scanning electron micrographs of a mouse node. (F ) Low-magnification view of a mouse embryo at 7.5 days postcoitum. Reichert's membrane is removed, and the embryo is observed from the ventral side. The node is indicated by a black rectangle. The orientation is indicated in the panel as anterior (A), posterior (P), left (L), and right (R) Nonaka et al. 1998 , and Hirokawa et al. 2006 potentially established laterality is materialized through developmental events. This mechanism is still totally unknown for the invertebrates. However, recent studies of mouse embryo clarified the L/R determination mechanism in mammalian embryos (Hirokawa et al. 2006) .
Until recently, little was known about the mechanism for breaking L/R symmetry. The initial clue to tackling this question was a human genetic disease called Kartagener's syndrome. Approximately half of these patients have their organs in the reversed orientation (situs inversus). Thus, the L/R determination is randomized in this syndrome. Patients with Kartagener's syndrome also suffer from sinusitis and bronchiectasis (Kartagener 1933) . A number of male patients with Kartagener's syndrome are sterile. Affected individuals have immotile sperm and defective cilia in their airway (Afzelius 1976) . Airway cilia and sperm from these patients have abnormal ultrastructures. Specifically, the axonemes, the interior supramolecular complexes that produce the movement of cilia and flagella, lack dynein arms, the molecular motors required for cilia and flagella motility (Afzelius 1976) . However, the relationships between these phenotypes and the causes of situs inversus remained unknown for more than 20 years.
Approximately 10 years ago, molecular biological studies identified several genes that are asymmetrically expressed in the L/R orientation before L/R asymmetric morphogenesis of the embryo. Morphological L/R asymmetry first becomes apparent with the orientation of the heart-tube loop (Fig. 1B,D) (Kaufman 1992) , but initial L/R asymmetric gene expression precedes the morphological changes. In early embryos (7.5 days for mice) at the stage of somatogenesis, genes such as Lefty-2 (Ebaf ), Nodal, and Pitx2 are expressed in the left lateral plate mesoderm, a structure located on the side of the embryos (Capdevila et al. 2000; Hamada 2002; Harvey 1998; Levin 2005; Yost 1999 ). However, the upstream phenomena that cause asymmetrical expression of these genes remain enigmatic.
Many studies have suggested that the so-called node, a concave triangular region transiently formed during gastrulation at the ventral midline surface of early embryos, is important for L/R determination (Harvey 1998) . When viewed from above the ventral side, the node of mouse embryos appears as a roughly triangular depression with the apex pointed toward the anterior (Fig. 1F,G) , and it is 50 -100 mm in width and 10 -20 mm in depth. This nodal pit is covered by Reichert's membrane, and the cavity is filled with extraembryonic fluid. The ventral embryonic surface of the nodal pit consists of an epithelial sheet of a few hundred monociliated cells (nodal pit cells).
Nodal pit cells have one or sometimes two cilia that appear as rodlike protrusions approximately 5 mm in length and 0.3 mm in diameter (Fig. 1G,H ). Because Kartagener's syndrome suggests a potential link between cilia motility and L/R determination, the cilia in the node have been postulated to be motile and responsible for L/R determination.
However, the ultrastructure of these nodal cilia is similar to that of immotile primary cilia. In motile cilia and flagella, nine pairs of doublet microtubules are arranged longitudinally along the axes ( Fig. 2A ) (Satir and Christensen 2007) . Adjacent pairs of doublet microtubules are connected by dynein arms, which generate the motility of cilia and flagella. In addition, there are two microtubules in the center of cilia and flagella, referred to as the central pair, which define the direction of the beating plane. This essential central pair of microtubules is missing in primary cilia. Similar to other immotile primary cilia, the monocilia of nodal pit cells lack the central pair of microtubules and thus have a 9 þ 0 microtubule arrangement. Therefore, based on their ultrastructure and initial video-microscopic observations, nodal monocilia were originally considered immotile (Bellomo et al. 1996) .
Through studies of the flow of materials within cells, we serendipitously found that nodal cilia are actually motile and vigorously rotating. This rotation generates the leftward flow of extraembryonic fluid in the nodal pit. The directionality of this flow, termed nodal flow, determines laterality. Thus, quite In this review, we first summarize the discovery of nodal flow and then discuss how this leftward linear flow is generated in a fluid dynamic manner by the rotational movement of cilia. We further discuss the mechanisms by which L/R asymmetry is determined by this nodal flow.
THE DISCOVERY OF NODAL FLOW
The discovery of nodal flow generated by the rotation of cilia, which plays a fundamental role in L/R asymmetry, was based on studies of molecular motors. Cells transport and sort various proteins and lipids after synthesis to their correct destinations at appropriate velocities. This is true for all cell types, including both nonpolarized cells (e.g., fibroblasts) and polarized cells (e.g., neurons and epithelial cells) (Hirokawa 1998; Hirokawa and Noda 2008; Hirokawa and Takemura 2005) . Neurons, the units of brain wiring, are highly polarized cells comprising dendrites, a cell body, and a long axon (sometimes longer than 1 m) extending along the direction of impulse propagation (see Tahirovic and Bradke 2009) . Most proteins required in the axon and synaptic terminals need to be transported down the axon after their synthesis in the cell body, and this intracellular transport is therefore fundamental for neuronal morphogenesis, functions, and survival. Because similar mechanisms are observed in all other cells, neurons serve as a good model system for studying the general mechanisms of organelle transport. Microtubules, comprising tubelike structures with a diameter of 25 nm, serve as the rails for transport over long distances and are arranged regularly in many kinds of cells. In nerve axons, the microtubules are arranged longitudinally with their plus ends (fast-growing ends) pointing distally, whereas in epithelial cells, the microtubules are organized longitudinally with their plus ends pointing toward the basolateral surface. In nonpolarized cells, such as fibroblasts, microtubules radiate from a microtubule-organizing center located close to the nucleus with their plus ends pointing toward the cell periphery. Kinesin superfamily proteins (KIFs) and cytoplasmic dynein are the motor proteins for the transport along microtubules (Aizawa et al. 1992; Hirokawa 1998; Hirokawa and Takemura 2005) . There are 45 KIF genes identified in mammalians such as human and mouse (Miki et al. 2001; Miki et al. 2005) , and distinct kinds of KIFs transport various cargos, such as synaptic vesicle precursors (KIF1A/KIF1Bb); mitochondria (KIF1Ba/KIF5s); NMDA-type (KIF17) and AMPA-type (KIF5s) glutamate receptors, and N-cadherin/beta-catenin-containing vesicles (KIF3) (Hirokawa and Noda 2008; Hirokawa and Takemura 2005) .
Among the KIFs, the KIF3 motor comprises a heterodimer of the motor proteins KIF3A and KIF3B and an associated protein, KAP3, which binds to the tail ends of KIF3A and KIF3B. To analyze the function of KIF3 in vivo, our group and others independently generated Kif3a and Kif3b knockout mice. These mutant mice show embryonic lethality. Studies on Kif3a and Kif3b knockout mouse embryos revealed that approximately 50% of KIF3A-deficient and KIF3B-deficient mice show reversed heart loops, whereas the rest are normal (Fig. 1C,E) . To determine the positions of KIF3A and KIF3B in the signaling cascade for L/R determination, we examined the expression of Lefty-2, one of the earliest left-defining genes. Although Lefty-2 is expressed exclusively on the left side of wild-type embryos, its expression is either mostly bilateral or absent in KIF3A-deficient and KIF3B-deficient embryos (Marszalek et al. 1999; Nonaka et al. 1998; Takeda et al. 1999) . These data suggest that KIF3A and KIF3B both act at an earlier step than Lefty-2 in the L/R determination pathway.
Surprising and more revealing findings were obtained by observing the nodes in KIF3A-deficient and KIF3B-deficient embryos. Although the nodal pit cells of wild-type embryos have monocilia composed of 9 þ 0 microtubules on the ventral surface, the cilia are either completely absent or very short and only found sporadically in the ventral nodes of embryos lacking either KIF3A or KIF3B (Fig. 1I ). In addition, immunocytochemistry revealed that KIF3A and KIF3B are localized in the monocilia of the nodal pit cells in wildtype embryos (Nonaka et al. 1998; Takeda et al. 1999) . Taken together with the results of studies on intraflagellar transport in lower eukaryotes (for reviews, see Rosenbaum and Witman 2002; Scholey 2003) , these findings suggest that KIF3 is essential for ciliogenesis in nodal pit cells through the transport of protein complexes in the monocilia (Fig. 1J ).
The above-described studies clarified why a lack of KIF3 leads to a loss of cilia. However, why the absence of monocilia on nodal pit cells was related to the randomness of L/R asymmetry was still unknown. Although the monocilia in the node in wild-type embryos were thought to be immotile because of the peculiar 9 þ 0 arrangement of their microtubules, we reexamined the behaviors of the monocilia in both wild-type and mutant embryos in vivo using video-light microscopy.
Surprisingly, we observed that the monocilia are in fact vigorously rotating at approximately 600 rpm ( Fig. 2B,C ; see online Movies 1 and 2 at http://beta.cshperspectives.cshlp. org). Most motile cilia and flagella, such as the cilia in the airway and sperm, only move back and forth and thus perform wavelike movements. However, the rotational movement of the nodal monocilia is unique. The dynein motor for propelling the ciliary movement is conserved. We observed both the inner and outer dynein arms using electron microscopy and confirmed the localizations of the axonemal outer dynein arms in the monocilia using immunofluorescence staining (Takeda et al. 1999) .
It still remained puzzling why this rotational movement was related to L/R determination. To answer this question, we sought to clarify the overall effect of this ciliary movement. We applied submicron-sized fluorescent beads as passive tracers of fluid flow in the extraembryonic fluid covering the nodal region in wildtype embryos. Quite surprisingly, the fluorescent beads tended to enter the node from the right-hand side and moved unidirectionally toward the left-hand side at a rate of 2 -5 mm/s ( Fig. 2D,E ; see online Movie 1 at http:// beta.cshperspectives.cshlp.org). These observations indicate that there is leftward unidirectional flow of extraembryonic fluid at the nodal region in wild-type embryos, which we designated nodal flow. In mutant embryos lacking KIF3A or KIF3B, the fluorescent beads showed only Brownian movement (Nonaka et al. 1998; Takeda et al. 1999) . These studies led us to hypothesize that the monocilia in the node are essential for L/R determination of the human body by rotating and generating leftward nodal flow at the nodal region. We further hypothesized that a putative morphogen X is secreted into the extraembryonic fluid at the ventral node and forms a concentration gradient owing to the nodal flow, which subsequently turns on the switch for the expression of genes such as Lefty-2 and Nodal at the left side of the node and determines the L/R asymmetry.
Analyses of inversus viscerum (iv) mutant mice further supported this hypothesis Supp et al. 1999) . iv mice are spontaneous mouse mutants that show randomization of L/R determination (Hummel and Chapman 1959) . A mouse axonemal (ciliary) dynein gene, Lrd (Left-right dynein), has been identified as the gene responsible for both iv and Lgl (Legless), which also results in L/R randomization (Supp et al. 1997) . Lrd is a member of the dynein superfamily of genes designated DLP11 (Tanaka et al. 1995) and is exclusively expressed by nodal cells at 7.5 days postcoitum (Supp et al. 1997) . In embryos heterozygous for iv, nodal cilia rotate as rapidly as those in wild-type embryos ($600 rpm) ). This rapid movement produces a fast (2 -5 mm/s) and smooth leftward flow of extraembryonic fluid in the ventral node. In contrast, the nodal cilia seldom move in iv homozygous embryos and appear rigid . Furthermore, beads added to the extraembryonic fluid show only Brownian movement . Thus, nodal cilia in iv homozygous mice cannot rotate owing to a mutation in Lrd and consequently cannot generate the leftward nodal flow required for normal L/R determination. Furthermore, left or right isomerism (both sides of the heart adopting the left, or both the right fate) was rare both in iv and Kif3 mutant mice. This suggests that another robust mechanism(s) would exist to avoid isomerism, a severe lethal disorder because of the abnormal formation of cardiovascular system. Nodal flow, therefore, would bias this machinery to produce asymmetry in a stereotypic manner.
This nodal flow hypothesis was directly tested by culturing mouse embryos under artificial flow conditions (Nonaka et al. 2002) . The laterality of the embryos was controlled by the direction of the artificial flow. Under strong rightward artificial flow, the flow in the node was reversed, as was the laterality of the embryo. These experiments showed that the direction of nodal flow determines the initial L/R symmetry breaking. Following studies showed that the nodal flow is not specific to mouse but is widely conserved among vertebrates (Essner et al. 2005; Kramer-Zucker et al. 2005; Okada et al. 2005; Schweickert et al. 2007 ), and we have shown the nodal flow in rabbit embryo whose structure is closest to early human embryo .
After the discovery of nodal flow, two important questions remained. First, how does the rotational movement of the monocilia generate leftward unidirectional flow? Second, how does the embryo interpret the direction of the nodal flow to trigger L/R asymmetric gene expression? We discuss these issues in the following sections.
THE DIRECTION OF THE NODAL FLOW IS DETERMINED BY THE TILT OF THE ROTATION AXIS
As mentioned above, the mechanism for determining the directionality of the nodal flow is the most fundamental mechanism for stereotyped breaking of the L/R symmetry of the human body. When we first reported the discovery of nodal flow, many hypotheses were proposed to explain the flow's directionality. A naive explanation would be that the flow is produced by unidirectional beating of the nodal cilia. However, this explanation is inconsistent with the observations. The movement of the nodal cilia is different from that of other cilia. Most cilia and flagella make flow by unidirectional power stroke, which is planar or almost planar, and in the direction of the flow ( planar beating). The direction of this beating plane is considered to be determined by the alignment of the central pair microtubules, although the precise mechanism is elusive.
Nodal cilia, however, rotate helically rather than beat in a plane. This unique movement would be related to the helical symmetry of the cilia structure by the lack of the central pair of microtubules ( Fig. 2A) , as supported by the numerical simulation studies (Brokaw 2005) . Thus, a specific mechanism is required to produce unidirectional leftward flow from the rotating cilia because the simple circling movement of the nodal cilia only produces a vortex in the node.
Initially, the triangular shape of the node and the arrangement of the nodal cilia were proposed to be involved in generating the leftward flow (Nonaka et al. 1998; Okada et al. 1999; Vogan and Tabin 1999) . This idea was rejected based on both observations and simulation studies. To test this idea, we observed the nodal flow in other vertebrates, such as fish and rabbits . The shapes of their nodes are round or elliptic and differ from that of the mouse node. However, unidirectional leftward nodal flow is still produced in these nodes by the rotating nodal cilia.
We, then, focused on the movement of the nodal cilia, because the movement of the cilia themselves or the coordination of the movement among adjacent cilia may determine the directionality. We traced the cilia's movement with a high-speed camera at 500 frames/s and determined their trajectories in three dimensions . As observed in previous low-time-resolution studies, the nodal cilia showed a clockwise rotational-like motion ( Fig. 2C ; see online Movie 3 at http:// beta.cshperspectives.cshlp.org). The axis did not show a lateral bias from the midline but tilted by 40 + 108 to the posterior from the vertical angle (Fig. 3A,B) . This posterior tilt of the rotation axis was conserved among all vertebrates examined (fish, mice, and rabbits) . Nonaka et al. (2005) experimentally supported this idea. They reproduced the tilted rotation and directional flow by making a model of the array of the nodal cilia with copper wire and a stepping motor. The Cartwright et al. (2004) numerical simulation study also suggested that the triangular array of vertically aligned local vortices could only produce general circulation near the edge. Their study also suggested that the array of posteriorly tilted cilia can produce leftward flow above the cilia, but it is accompanied by an equally fast rightward flow below the cilia. This is inconsistent with observations because rightward flow is not observed below the cilia. Instead, the rightward counterflow is observed in the top half of the node cavity in mouse embryos (see online Movie 4 at http://beta. cshperspectives.cshlp.org) ). This is a slow passive flow at the top to balance the leftward nodal flow at the bottom of the cavity.
We proposed that the viscosity of the fluid and the shear resistance of the node's stationary surface would slow down the rightward current near the surface . As observed by our group and others (Nonaka et al. 2005) , the cilia rotate conically with a tilt angle of approximately 408 and a semicone angle of approximately 508 (Fig. 3B) . Consequently, the cilia make a leftward swing toward the fluid and a rightward sweep toward the surface. Because nodal flow is in the low Reynolds-number regime (with a magnitude of 10 23 ), viscous drag or shear resistance from the stationary cell surface is not negligible. The stationary surface would retard the movement of fluids by shear resistance. Thus, the rightward sweep is less effective than the leftward sweep in generating fluid movement (Fig. 3E) . Numerical simulation studies clarified that the effect of the surface, or shear resistance, is the major factor for converting the posteriorly tilted rotation of the cilia into the unidirectional leftward flow (Buceta et al. 2005; Cartwright et al. 2007; Smith et al. 2007 Smith et al. , 2008 . They also suggested that that the tilt angle of the nodal cilia may be optimized to produce fast unidirectional flow.
The mechanism of the de novo generation of the leftward flow has thus been clarified by the combination of the experimental and theoretical studies. As proposed by Brown and Wolpert (1990) , the stereotyped breakage of L/R symmetry is enabled by a chiral structure aligned with respect to the AP and DV axes. Cilia in the ventral node tilted toward the posterior represent exactly that kind of structure. The structural properties of the nodal cilia determine the flow's direction without relying on any a priori L/R asymmetry (Fig. 3E) . The clockwise rotation of the cilia reflects the chiral architecture of the nodal monocilia, in which the dynein arms are aligned in a clockwise manner on the side of each doublet microtubule ( Fig. 2A) (for the modeling study, see Brokaw 2005) . The nodal cilia are ventral protrusions from the nodal pit cells. Interestingly, the basal bodies or roots of the monocilia, are positioned at the cell posterior, possibly reflecting the planar cell polarity (PCP) of the nodal pit cells toward the AP axis (Fig. 3C,D ) see Vladar et al. 2009 ). The convex curvature of the nodal pit cells may explain how this posterior localization contributes to the tilting of the rotation axes (Fig. 3D) . However, the precise molecular nature of this PCP pathway is still open to future research Aw and Levin 2009 ). 
TWO MODELS FOR GENERATING LEFT -RIGHT ASYMMETRIC GENE EXPRESSION BY NODAL FLOW
The next important question is how the cells in the embryo interpret leftward nodal flow. Other developmental processes, especially body-axis determination in invertebrate animals such as the fruit fly Drosophila, use concentration gradients of diffusible secreted chemicals such as proteins or lipids as positional information along the body axis, and these chemicals are referred to as morphogens (Gurdon and Bourillot 2001) . Based on this analogy, it was first proposed that nodal flow may produce a concentration gradient of a morphogen in the cavity of the node (Fig. 4A) (Nonaka et al. 1998; Okada et al. 1999) .
Although the chemical gradient model is simple, it is associated with great difficulty. It is questionable whether nodal flow can actually generate a concentration gradient of a secreted chemical morphogen in a closed cavity of node, where the leftward flow is balanced by the rightward counterflow (Cartwright et al. 2004 (Cartwright et al. , 2007 . A potential consequence of this counterflow may be that secreted molecules are uniformly distributed. Thus, we examined this model experimentally . We introduced a caged-fluorescently labeled protein into the nodal cavity and locally activated it using focused ultraviolet irradiation to simulate continuous secretion. Interestingly, only proteins of 20 -40 kDa generated stationary concentration gradients. These sizes match those of candidate proteinaceous morphogens such as fibroblast growth factor (FGF) 8 and Nodal. This size dependency was explained by a difference in the flow rates of the leftward nodal flow and rightward counterflow (Buceta et al. 2005; Okada et al. 2005) . For larger proteins, advection dominates over diffusion, and they circulate in the cavity. For smaller proteins, diffusion dominates over advection, and they rapidly diffuse symmetrically in the cavity. For medium-sized proteins of approximately 20 kDa, the diffusion coefficient is approximately 1 Â 10 26 cm 2 /s. The half-width of the node is approximately 50 mm. The flow rates of the leftward nodal flow and rightward counterflow are approximately 3 and 1 mm/s, respectively. Thus, the Peclet numbers, dimensionless number relating the rate of advection of a flow to its rate of diffusion, for the nodal flow and counterflow are approximately 1.5 and 0.5, respectively. Hence, advection by the leftward flow dominates over diffusion, whereas diffusion dominates over advection by the rightward flow, such that medium-sized proteins accumulate on the left side. Local transient ultraviolet irradiation experiments confirmed this theoretical explanation . Interestingly, the Peclet number was conserved in rabbits, despite the species differences in the size and shape of the ventral node, and the velocity of the nodal flow. These results suggest that some protein molecules may spontaneously generate a chemical gradient in the nodal cavity. As a critique of the chemical gradient model, an alternative model was proposed that assumes that the flow itself physically invokes cellular responses. This model was reinforced by the finding that some nodal cilia, especially those in the peripheral region of the ventral node, are immotile (McGrath et al. 2003) . Nodal flow establishment is immediately followed by elevation of the intracellular calcium concentration on the left edge of the node (Fig. 4D) . Thus, it has been suggested that the immotile cilia on the edge of the node serve as mechanical flow sensors and trigger a calcium response depending on the flow's direction (Fig. 4B) . Hence, this physical stimulation model is now often termed the two-cilia hypothesis, referring to one type of cilia for flow generation and a second type of cilia for flow sensing (Tabin and Vogan 2003) . This proposal gathered interest from the relation to polycystic kidney disease, in which loss of flow sensing by the primary cilia is considered to lead to cyst formation (Nauli and Zhou 2004) . However, our experiments excluded this model, and suggested that an unexpected novel mechanism produces L/R gradient(s) of morphogen(s).
IDENTIFICATION OF NODAL VESICULAR PARCELS, A NOVEL FORM OF TRANSPORT MACHINERY FOR SIGNALING MOLECULES
We re-examined the signaling processes in the node using pharmacological perturbations . We first identified FGF receptors localized to the cilia and cell surface of the node cells . Thus, these cilia are suggested to have dual functions: motility and sensation. Then, we applied specific inhibitors of FGF receptors to the mouse embryos. In consequence, they significantly suppressed the calcium response on the left edge of the node (Fig. 4E) , whereas the leftward nodal flow remained unaffected (Fig. 4C) . Thus, the calcium elevation is dependent not only on the flow but also on growth factor signaling. This blockage was reversed by the addition of other signaling molecules, namely sonic hedgehog (SHH) or retinoic acid (RA) (Fig. 4F) . These results strongly argue against the two-cilia hypothesis. The calcium response is not directly triggered by the mechanical stimuli of the flow itself, but is mediated by chemical signaling molecules. Therefore, how could the biochemical reactions activate cells on the left side of the node?
We then observed the dynamics of the membrane lipid in the ventral node by using fluorescent lipophilic dye DiI. Quite intriguingly, we identified extracellular materials that are secreted from the node surface and transported to the left, corresponding to the stage of the nodal flow ( Fig. 5A ; see online Movie 5 at http://beta.cshperspectives.cshlp.org) . We termed these materials nodal vesicular parcels (NVPs) and further characterized them using light and electron microscopy, as well as pharmacological perturbations.
NVPs appear to be secreted from the surface of the node by an initial launch in random directions, probably driven by actin-mediated extension of a special form of long dynamic microvilli ( Fig. 5D,E ; see online Movie 6 at http://beta.cshperspectives.cshlp.org), followed by transport to the left side by the ciliamediated nodal flow. Many spherical NVP precursor candidates were present on the node's surface (Fig. 5B) . Electron microscopic observations suggested that NVPs are membranesheathed lipoprotein particles that are often associated with microvilli (Fig. 5B,C,D) . According to light microscopic observations, these microvilli appeared to elongate in 10 seconds to launch the NVPs from their original sites, although the NVPs sometimes crawl along the surface. The launch of NVPs is dependent on FGF signaling, because a specific inhibitor of FGF receptor (FGFR), SU5402, and a dominant-negative FGFR polypeptide can similarly inhibit their launching from the surface. The launch of NVPs does not seem to be dependent on cilia because NVPs are observed in the nodes of KIF3 knockout embryos deficient in cilia formation. The negative effects of FGFR inhibition can be reversed by adding a recombinant polypeptide of the amino-terminal half of SHH (SHH-N) or RA to the culture medium, similar to the case of the calcium elevation. According to spatiotemporal order, NVP signals are probably the trigger of the calcium elevation on the left side of the node.
Furthermore, SHH and RA were specifically detected by immunofluorescence microscopy and immunoelectron microscopy at the possible releasing sites. Thus, the NVP release would be enhanced by extrinsic application of cargo molecules of the NVPs. This suggested that the accumulation of either SHH or RA at the releasing sites may locally enhance the NVP launch downstream of FGF signaling . The primary source of SHH is probably the nodal pit cells according to a previous report (Echelard et al. 1993) . The action of RA in the node does not seem to involve conventional nuclear receptormediated signaling (Sirbu and Duester 2006) , suggesting the existence of a new reception mechanism of RA and SHH on the cell surface to locally activate NVP release. RA and SHH may synergistically share activity of enhancing NVP release, because Shh knockout mouse embryos can still release NVPs (Y. Tanaka and N. Hirokawa, unpublished observations), and knockout for RA-synthesizing Raldh2 gene did not modify the left -right randomization phenotype in iv/iv mice (Vermot et al. 2005) . However, RA is certainly described to act upstream of the expression of the Lefty-2, Nodal, and Pitx2 genes in the left lateral plate mesoderm, because treatment of embryos either with RA or its inhibitors can significantly change the expression patterns of these leftspecific genes and heart morphogenesis (Tsukui et al. 1999; Chazaud et al. 1999; Wasiak and Lohnes, 1999) . SHH is also essential for expressing Lefty-1 in prospective floor plate ( pfp) cells on the left side of the midline (Tsukui et al. 1999) . Thus, these molecules are probably cooperatively or coordinately acting on NVP signaling to play roles in left -right determination. Hedgehog proteins have also been shown to be secreted from the cell surface by membrane-sheathed extracellular particles Kiprilov et al. 2008) . Thus, NVPs are proposed to be a good model system for elucidating the biological processes involving SHH/RA signaling, which could contribute in resolving many other signaling mechanisms.
The released NVPs are transferred to the left side by the nodal flow ( Fig. 5A ; see online Movie 5 at http://beta.cshperspectives.cshlp. org). Interestingly, most NVPs appeared to be fragmented on the left side and absorbed by the nodal cell surface (see online Movie 7 at http://beta.cshperspectives.cshlp.org). This mechanism ensures that the NVPs are unidirectionally transferred to the left side (Fig. 5E ), without circulating in the node forever, and that the contents of the NVPs, probably SHH, RA, lipoproteins, and other unidentified morphogens, create the concentration gradient. It is still puzzling how the membrane sheaths of NVPs are ruptured and how the NVPs are fragmented at the proximity of the left wall. This fragmentation probably involves both fluid mechanical and biochemical processes, and its nature is still being investigated. In summary, these results collectively suggest that the L/R asymmetric development would occur in the following manner (see online Movie 8 at http://beta.cshperspectives. (5) NVP is fragmented to deposit its contents at the left edge of the node. (6) Calcium elevation starts on the left edge of the node (nodal crown cells), and propagates through adjacent cells to the left lateral plate mesoderm ( probably involving FGF and Notch signaling). (7) Left-specific genes start to be expressed in the left lateral plate mesoderm. There must be many loops and feedbacks in addition to this sequence, but the main stream can be summarized like this. The molecular details of this pathway are still being investigated, and the mechanisms involving both fluid dynamics and new cell biological phenomena will be key elements toward elucidating the mechanism of L/R determination.
CONCLUSION
The long-lasting enigma of L/R determination of the human body has been solved by the integration of interdisciplinary approaches, including biology and physics. Chiral mechanical elements, nodal cilia, are produced on the posterior-ventral surface of nodal pit cells, possibly by anterior-posterior planar cell polarity of nodal pit cells. Clockwise conic rotation of the nodal cilia generates leftward fluid flow in the nodal cavity through hydrodynamic mechanisms. This flow carries NVPs that contain signaling molecules to the left edge of the node. In this region, the NVPs are somehow fragmented to deliver their internal signaling molecules through a presently unidentified mechanism. After the fragmentation, the NVPs do not return to the right side via the counterflow in the cavity, such that vectorial transport to the left side is guaranteed.
Such a combination of mechanical processes and chemical signaling was totally unexpected. Because morphogens are generally considered to diffuse passively, the reactiondiffusion model is widely used to model the pattern formation in developmental processes (Meinhardt 1982) . Nodal flow is the first evidence that advection can be a key determinant in developmental processes, and it is unlikely to be unique to L/R determination. Following the discovery of nodal flow, developmental biologists have postulated that other developmental processes may also be mediated by the transport of signaling molecules via similar fluid flows. Recently, an axis in the brain was suggested to be dependent on the direction of the flow of cerebrospinal fluid (Sawamoto et al. 2006) . Future interdisciplinary studies, such as those for L/R determination, will further identify the fluid-mediated signaling processes essential for the human body and will deepen our understanding of the underlying biology and physics.
